LQ of 0.74 at 3 years post-implantation, and these results were comparable to those of the reference group. Only the factor additional disabilities had a significant negative influence on auditory perception and language comprehension. Conclusions: Children with WS performed similarly to the reference group in the present study, and these outcomes are in line with the previous literature. Although good counselling about additional disabilities concomitant to the syndrome is relevant, cochlear implantation is a good rehabilitation method for children with WS.
Introduction
A cochlear implant is an appropriate auditory rehabilitation option for patients with bilateral severe-to-profound sensorineural hearing impairment (SNHI). The post-operative performances of patients vary extensively; therefore, a thorough understanding of the factors underlying this variability is clinically relevant.
Waardenburg syndrome (WS) patients account for approximately 2-5% of the congenitally deaf population [Nayak and Isaacson, 2003; Tamayo et al., 2008] and usually express congenital non-progressive SNHI unilater-ally or bilaterally with a severe-to-profound character [Newton, 1990] . The hearing impairment expressed by WS has no typical audiogram shape, can be highly variable and can even be asymmetric [Pingault et al., 2010] . The syndrome, an auditory pigmentary syndrome, is caused by a disorder of the neural crest cells and is defined by the association of pigmentation anomalies of the hair, skin and irides as well as mild-to-profound congenital SNHI. The penetrance of WS is heterogeneous, resulting in variable phenotypes [Read and Newton, 1997] .
Four types of WS have been described based on phenotypic characteristics (I-IV). These characteristics include the following: lateral displacement of the inner canthus (dystopia canthorum), partial depigmentation of the skin and hair (e.g. hypopigmented areas of the skin, white forelock, premature greying before the age of 30 years), and heterochromia of the irides or brilliant blue irides [Read and Newton, 1997; Waardenburg, 1951] (MIM No. 193500) . In 1951, Waardenburg investigated patients of two different families with hearing impairment, the combination of features of which are now described as WS type I [Waardenburg, 1951] . Differentiation between type I and type II is made by the presence or absence of dystopia canthorum. Type III is additionally defined by upper limb abnormalities, and type IV is defined by the presence of Hirschsprung disease [Read and Newton, 1997] . WS type II and IV are both heterogeneous and are therefore subdivided (MIM No. 193510 and 277580) . All types of WS are autosomal dominant disorders, except for a few subtypes of type II, caused by mutations in SNAI2, and type IV, caused by mutations in EDN3 (endothelin 3) or EDNRB (endothelin receptor type B), in which the modes of transmission are also described to be autosomal recessive or 'not fully recessive -not fully dominant' [Pingault et al., 2010] . The genes involved in WS are PAX3 (WS type I and III), MITF (melanocyteassociated transcription factor) and SNAI2 (type II), SOX10 (type II and IV), and EDN3 and EDNRB (type IV) [Pingault et al., 2010; Read and Newton, 1997] (MIM No. 193500) .
These genes play important roles in the neural crest in the differentiation and migration of melanocytes [Pingault et al., 2010; Read and Newton, 1997] . The pathways involve synergistic activation of PAX3 (a paired box 3 transcription factor) and SOX10 (encodes SRY-related HMG-box gene 10 transcription factor) on the proximal region of the MITF promoter [Bondurand et al., 2000; Potterf et al., 2000] (MIM No. 193500) . MITF transactivates tyrosinases that are needed for melanogenesis and differentiation (MIM No. 193510) . Both EDN3 and EDNRB play a role in the endothelin pathway and are responsible for Hirschsprung disease in patients with WS type IV [Read and Newton, 1997] . The EDNRB receptor is G protein-coupled and ensures the development of neural crest-derived lineages by its signalling pathway [Pingault et al., 2010] . SNAI2 induces the epithelial-mesenchymal transition and is needed for the survival and migration of melanoblasts [Pingault et al., 2010] 
The SNHI in patients with WS is considered to be the result of a thinned stria vascularis in the cochlea, caused by a lack of or a decreased number of melanocytes [Pingault et al., 2010; Read and Newton, 1997] . These cells produce endolymph which is necessary to build up a positive potential in the cochlea. This potential difference is needed for the excitation of the inner hair cells, which forward an electrical impulse to the otic nerves. The thin stria vascularis will ultimately lead to the collapse of Reissner's membrane followed by the destruction of the organ of Corti [Read and Newton, 1997; Steel and Barkway, 1989] .
The aim of the present study was to describe the population of children with WS who underwent cochlear implantation at our department and to analyse the benefit of cochlear implantation in children with WS. Children implanted before the age of 2 years are likely to perform better than children implanted at an older age with respect to language skills [Boons et al., 2012; Manrique et al., 2004; Miyamoto et al., 2008] . As a consequence, paediatric implantation is currently performed as early as possible. The emphasis of this study was on this group of young children implanted at the age of 2 years or earlier.
The long-term benefit on spoken speech perception and language development in young children with WS and a cochlear implant was analysed and compared to a reference group of children with cochlear implants without additional disabilities.
Materials and Methods

Patients
A retrospective study was conducted on children with WS who underwent cochlear implantation at the Department of Otorhinolaryngology of the Radboud University Medical Center, Nijmegen, The Netherlands. The inclusion of patients with WS was based on phenotype, because some WS genes still remain undiscovered [Pingault et al., 2010] . Therefore, the results of additional tests (computed tomography and vestibular function tests) and a clinical description of the children are presented. In some cases, WS was confirmed by mutation analysis. Genetic counselling was performed either before or after implantation. Age at implantation is Cochlear Implantation and Waardenburg Syndrome Audiol Neurotol 2016; 21:187-194 DOI: 10.1159/000444120 189 an important factor for the outcome of a cochlear implant [Boons et al., 2012; Manrique et al., 2004; Miyamoto et al., 2008] . Accordingly, children with WS implanted at the age of 2 years or younger were selected and compared to a reference group as described below.
The educational settings were divided into three classes according to the Dutch educational system: mainstream education, special education for the deaf or hearing impaired, and special education for the deaf or hearing impaired with additional disabilities.
Reference Group A group of 53 children earlier reported by Langereis and Vermeulen [2013] was used as a reference. The children underwent cochlear implantation before the age of 2 years at the Department of Otorhinolaryngology of the Radboud University Medical Center and attended mainstream education or the school for the deaf or hearing impaired. Children with additional disabilities were already excluded from this group; however, the group described by Langereis and Vermeulen [2013] included children with WS. The latter were also excluded from the reference group in the present study. After exclusion, the group consisted of 48 children.
Speech Perception
After cochlear implantation, speech perception was tested using standard phonetically balanced Dutch consonant-vocal-consonant (CVC) word lists. Loudspeakers were placed in a quiet room at a fixed distance of 1 m from the child. Words were administered at normal conversational level of 65 dB sound pressure level. Speech perception was expressed as a percentage of correct phonemes perceived.
Language Comprehension
Language development was evaluated with the Dutch translation of The Reynell Developmental Language Scales (RDLS) [Reynell, 1977; van Eldik et al., 1987] . This standardized test is extensively used to measure the comprehensive language development in young children between the ages of 1 year and 2 months and 6 years and 3 months. The RDLS consists of 87 items in 12 sections with gradually increasing difficulty. The test was administered by a speech therapist during the evaluation sessions after cochlear implantation.
Test results were expressed in different scores: standard score, percentile or age equivalent, based on the results of children with normal hearing. The obtained age equivalent was divided by the chronological age of the child, which resulted in the language quotient (LQ) [Boons et al., 2012] . By means of the LQ, a ratio was created between the performance of the child and the expected performance. An LQ of 1 represents an age-appropriate language level.
Statistical Analysis
Statistical analysis was performed using SPSS 20 (SPSS, Inc., Chicago, Ill., USA), and a p value <0.05 was considered statistically significant. The phoneme scores of the study and reference groups were compared and analysed with multiple linear regression (standard ENTER method). The LQs of these groups were analysed in a similar fashion. This method was used to correct for the confounding variables to obtain the isolated influence of WS on speech perception and language comprehension. The confounding variables were the following: age at implantation, type of implant, bilateral implantation and additional disabilities. The phoneme scores and LQs at the 36-month follow-up were used for analysis. If no phoneme score was indicated at 36 months, the next obtained score was used.
Results
Children with WS Patient Characteristics
Fourteen children were diagnosed with WS and implanted at our department at the age of 2 years or younger. The group consisted of 8 males and 6 females. Of the 14 children, 10 received the CI24RE, 3 received the CI24M, and 1 child received the CI500, all from Cochlear. The mean age at first implantation was 1.61 years (SD 0.48). Two children underwent bilateral implantation before the time of the third-year evaluation of their first implant ( table 1 ) .
Clinical Description
The WS gene PAX3 was tested in 5 cases and MITF was tested in 9 cases. In 4 of the 14 cases the diagnosis was confirmed by mutation analysis. Patients 7, 13 and 14 carried a mutation in the MITF gene (correlated with WS type II), and patient 11 carried a mutation in PAX3 (correlated with WS type I or III). Four children had dystopia canthorum. Five children had heterochromia of the irides, and another 2 children had bright blue eyes. A white forelock was present in 3 of the 14 children, and 1 child had white hair and eyebrows. Table 2 indicates with which type of WS the children were diagnosed. Six of the 14 children had additional disabilities (43%). Two children (patients 3 and 14) had concomitant autism and delayed general or motor development. Patient 4 was affected by proprioceptive under-responsiveness that led to dyspraxia. Patient 6 had general and motor developmental delay. Patient 5 showed learning disabilities, and patient 9 had a developmental delay.
A pre-operative vestibular function test was performed in all WS children: 9 children showed normal results, 1 child showed areflexia (patient 5), 3 had hyporeflexia (patients 3, 7 and 14), and 1 had asymmetrical vestibular function with right hyperreflexia (patient 6). Pre-operative computed tomography was performed in all 14 children. Three children (patients 7, 13 and 14) had opacification of the middle ear and mastoid that was suspicious for the presence of otitis media. Patient 4 had a mildly enlarged vestibulum, and patients 8, 10 and 12 had an enlarged vestibular aqueduct: 1 showed an incomplete par- Most of the children (n = 9) were attending a school for the deaf or hearing impaired at the 3-year follow-up. Two children (patients 3 and 6) attended special educational settings for the deaf or hearing impaired with additional disabilities. The other 3 children (patients 1, 2 The age at implantation refers to the age at the first implantation. and 10) were attending mainstream education at the 3-year follow-up and had no additional disabilities. In time, 2 of the children (patients 11 and 13) who first attended special education for the deaf or hearing impaired switched to a mainstream educational setting. These 2 children had no additional disabilities.
Reference Group
Patient Characteristics A group of 48 children implanted before the age of 2 years at our department was used as a reference group; 50% of the children were male. Of the 48 children, 21 received the CI24M implant, 20 received the CI24RE, and 7 received the CI500, all from Cochlear. The mean age at first implantation was 1.32 years (SD 0.33). Four children received their second implant sequentially, before the time of the third-year evaluation of their first implant ( table 1 ).
Speech Perception
The mean phoneme scores found in the analysis were 80% (SD 23) and 86% (SD 10) for the study and reference groups, respectively. The missing data of the 8 children from the reference group were acknowledged as randomly missing. Table 3 indicates the individual scores at the different follow-up times of the children with WS. Figure  1 a shows the mean results of speech perception at the different follow-up times for the study and reference groups. The mean phoneme scores of the children with WS were slightly below those of the reference group and remained approximately the same during the consecutive follow-up ( fig. 1 a) . The 8 WS children without additional disabilities had a mean phoneme score of 91% (SD 6).
Multiple linear regression analysis showed a non-significant difference in phoneme score of 2% (SE 5, p = 0.66) between the children with WS and the reference group. The factor additional disabilities had a significant negative influence on the phoneme score, resulting in a difference of 25% (SE 7; p = 0.001).
Language Comprehension
The language comprehension of the children with WS was compared to the reference group ( fig. 1 b) . All children of the reference group had results for the RDLS at the time of the third-year evaluation. In the study group, 1 result for the RDLS was missing, and 1 of the 14 children did not yet have a third-year evaluation at the time of analysis. The mean LQ for language comprehension was 0.74 (SD 0.21) for the children with WS and 0.87 (SD 0.15) for the reference group. The 7 WS children without additional problems had a mean LQ of 0.87 (SD 0.19) .
With the regression analysis, a non-significant difference was found between the study group and the reference group. The difference in LQ between the groups was 0.023 (SE 0.069; p = 0.74). We adjusted for the confounding factors (age at implantation, type of implant, bilateral implantation and additional disabilities). Only the factor additional disabilities had a significant negative influence on the language comprehension ratio with 0.25 (SE 0.089; p = 0.008).
Discussion
The aim of this study was to assess the long-term benefit of cochlear implantation on speech perception and language comprehension in a cohort of young children with WS. The children with WS performed comparable to a selected reference group on speech perception and comprehensive language development during 3 years of follow-up. Based on these results, cochlear implantation is a good rehabilitation option for children with WS. Most WS children without additional disabilities had an excellent phoneme score, with a mean of 91% (SD 6.13). According to earlier reports, a phoneme score of approximately 85% allows children to acquire an age-appropriate language level [Langereis et al., 2011] , which is confirmed in our cohort. The WS children without additional disabilities had a mean LQ of 0.87 (SD 0.19), which is within 1 deviation of scores in normally developed children with normal hearing (1 SD below the norm is 0.82) [Boons et al., 2012] . Various other studies have described the outcome of cochlear implantation in patients with WS ( table 4 ), presenting overall good results with respect to speech perception and speech intelligibility. Rajput et al. [2003] , however, reported significantly lower receptive language and speech intelligibility scores for children with syndromic aetiologies (including 5 with WS) in comparison to children with non-syndromic aetiologies [Rajput et al., 2003 ]. In the latter study, no differentiation was made between syndromic aetiologies, and therefore the outcome of the children with WS alone was not mentioned. This explains how these results could differ from those of the present study.
Approximately one third of the hearing-impaired population with a cochlear implant has additional disabilities [Birman et al., 2012] . The population of children with cochlear implants and additional disabilities has achieved significantly lower outcomes in both auditory perception and language development; nonetheless, a variability has been described [Baldassari et al., 2009; Birman et al., 2012; Edwards et al., 2006; Holt and Kirk, 2005; Meinzen-Derr et al., 2010; Waltzman et al., 2000] . However, some authors mention a benefit of cochlear implantation in patients with disabilities [Birman et al., 2012; Edwards et al., 2006; Holt and Kirk, 2005; Waltzman et al., 2000] . Additional disabilities are more frequently associated with syndromic aetiologies, for instance WS [Birman et al., 2012; Rajput et al., 2003] . One report described the outcome for WS with the association of behavioural disorders (acceptance of device and co-operation with pedagogues), which would cause temporary difficulties for rehabilitation [Kontorinis et al., 2011] . However, the report indicates cochlear implantation as a good rehabilitation method, because the rehabilitation problems did not have any significant consequences. The analysis of the present study showed a significant negative influence of the additional disabilities on phoneme scores and language comprehension LQ at 3 years post-implantation. This underlines the importance of thorough testing for additional disabilities, to make the counselling of parents as accurate as possible. Preoperative counselling, therefore, should include realistic information about the influence of additional disabilities on the benefits of cochlear implant in children with WS.
In summary, cochlear implantation appears to be a good rehabilitative option for patients with WS. Because additional disabilities cause variable and unpredictable outcomes, it is necessary to remain cautious. Of course, this is always important for children with hearing impairment and comorbidities and is independent from the aetiology.
With early diagnosis of severe-to-profound hearing impairment, paediatric implantation could be performed earlier, which would lead to even better performances [Boons et al., 2012; Manrique et al., 2004; Miyamoto et al., 2008] . Nevertheless, more research is needed into the different genotypes that cause WS. More knowledge about the disease genes that cause WS would improve early counselling of parents.
Conclusion
This study shows comparable performances in longterm speech perception and language comprehension between young implanted children with and without WS. This result indicates that cochlear implantation is a good rehabilitation method for patients with WS.
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